Visual saliency based on orientation contrast is a perceptual product attributed to the functional organization of the mammalian brain. We examined this visual phenomenon in barn owls by mounting a wireless video microcamera on the owls' heads and confronting them with visual scenes that contained one differently oriented target among similarly oriented distracters. Without being confined by any particular task, the owls looked significantly longer, more often, and earlier at the target, thus exhibiting visual search strategies so far demonstrated in similar conditions only in primates. Given the considerable differences in phylogeny and the structure of visual pathways between owls and humans, these findings suggest that orientation saliency has computational optimality in a wide variety of ecological contexts, and thus constitutes a universal building block for efficient visual information processing in general.
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feature search | gaze map | pop-out | visual behavior | avian vision I n his now-classic experiments, Yarbus (1) showed that humans who freely view visual scenes move their eyes between salient, discretely spaced features (e.g., eyes and mouth in face scenes, people and objects in indoor scenes). Similar behavior in other environments has been observed in primates (2, 3) and even in birds (4) (5) (6) (7) . Indeed, the visual systems of humans and other animals have mechanisms to overtly shift attention to salient parts of visual stimuli, a selective process that helps allocate the brain's limited computational resources to potentially important sensory information (for a review see refs. 8 and 9) . The selective nature of the visual system perhaps is best expressed in what has been termed "visual search" (10, 11) .
Although visual search is a visual behavior occurring with natural and synthetic stimuli, controlled scientific studies of visual search typically make use of well-defined, simple objects. In such experiments, the subject's task is to detect one outstanding object (the target) embedded among many similar objects (the distracters) (12) . Studies in which the target differs from the distracters in one visual feature are referred to as feature search (11) . A typical feature would be an early visual cue, such as contrast, color, motion, orientation, or even shape. When feature search exhibits reaction times that do not change much with the number of distracters, the behavior is usually characterized as "pop-out," which is indicative of a parallel preattentive process that precedes any subsequent serial attentive processing (12) .
Although much is known about the properties and the neural networks involved in visual search in humans and primates (11) (12) (13) (14) (15) , knowledge of this process (especially its neural substrate) in nonprimate animals is limited. This is in stark contrast to the important ecological function of search strategies in all animals, which should have been optimized according to the ecological and survival needs of a species in the course of evolution. Notable exceptions are visual search strategies reported in pigeons (4, 5) and recent orientation-saliency behavior found in archer fish (16) .
In the present work we studied visual search in free-viewing barn owls, which, as we argue, may become a model animal with several important advantages for exploring this visual attentive behavior in animals. First, barn owls' eye movements are either absent or very small, allowing the study of overt attention with an external camera fixed to owls' heads (6) . Second, barn owls are known to make conspicuous peering movements (17) and can also covertly shift attention toward interesting targets (18) , meaning that their vision is likely to incorporate attention mechanisms. Third, much is known about barn owls' visual system (19, 20) , and the neural circuits underlying visual perception in this species have been studied in some detail (21) (22) (23) (24) (25) (26) (27) . With this in mind, we asked whether barn owls exhibit similar visual search behavior as humans. The data presented here indeed show such similarities.
Results
In our barn owl experiments, the setup and procedures were chosen to resemble the classical visual search studies performed with humans (1, 12) , with a specific focus on saliency due to orientation. Two barn owls (subjects HB and WH) were trained to carry the OwlCam, a head-mounted wireless microcamera (Fig. 1A) . In a typical experimental trial (Fig. 1B) , the owl was placed on a perch in a large illuminated room and was confronted with an extended open-field stimulus that contained several visual objects (oriented bars), one of which differed in its critical visual feature (orientation). No specific task was given, and the owls could freely view the scene in the room. We measured and analyzed the owls' gaze that could be derived directly from the camera view, given that eye movements are negligible.
Because barn owls lack a visible fovea (28, 29) , their true gaze direction cannot be resolved by optical and geometrical analysis, and thus the OwlCam must be calibrated by other means after it is mounted and fixed to an owl's head (Materials and Methods and Fig. 1 B and C) . This yields the "functional fixation point" of the owl in camera-frame coordinates, which serves as a reference frame for all of our reported data. As discussed in Materials and Methods, both of our owl subjects were found to have a similar fixation spot of ∼2.3°of visual angle and steep flanks. In our OwlCam image plane, this amounts to a disk of 25 pixels in diameter, which was used in all of our subsequent analyses.
In the visual search experiment, the room contained 25 oriented bars scattered on the floor in a 5 × 5 jittered configuration (Fig. 2) . Of these 25 bars, 24 bars-the distracters-had a similar orientation (up to a small jitter, to avoid possible confounds from strict regularity), and one bar-the target-was placed at a very different orientation (Materials and Methods). The owl was allowed to freely view the scene without any prescribed task. Once the owl oriented its head toward the scene (usually immediately after stimulus onset), it clearly moved its gaze from one bar to another, sometimes returning to a bar on which it had already fixated earlier. An example of a typical fixation-saccade behavior is shown in Movie S1. In a total of 97 experimental trials, ∼120 min (217,309 frames) of OwlCam video material was recorded and analyzed from the two owls. To present data corresponding to both owls in a simple and clear fashion, in what follows we present all results using the notation "HB/WH."
In 28/69 experimental trials, a total of 45/75 min (82,090/135,219 frames) of video material was recorded. The average length of each trial was 97.7/65.3 s (2,931.8/1,959.7 frames). The experimental video material was separated into segments of image motion and nonmotion (17) , corresponding to the phases of head movement (sacchades) and nonmovement (fixations). Note that by such a definition, an equal number of saccades and fixations must occur, because each saccade is bracketed by two fixations and vice versa. A total number of 985/1,236 fixations were analyzed, which lasted a total of 71,673/120,567 frames and averaged 72.76/ 97.55 frames per fixation. Thus, the owls spent 87%/92% of the total recording time on fixations, with an average fixation time of 2.43/3.25 s. The average duration of a saccade was 0.35/0.28 s.
Because of the static nature of fixation segments, only one frame was used to represent the content of each fixation. For our analysis, we extracted the middle frame of each fixation, on which the fixation spot of 25 pixels in diameter was marked for further analysis. First, fixations were classified into four classes based on their visual content ( Fig. 2): i) Target fixations, in which the target item appeared within or immediately at the border of the fixation spot mark (with up to 1 pixel tolerance). ii) Control fixations, in which the control item appeared within or immediately at the border of the fixation spot mark (1 pixel tolerance). The position of the control item was defined by mirroring the target position about the center of the 3 × 3 array, and thus was trial-dependent and changed its position according to the target position in each trial. iii) Frontal fixations, directed toward the stimulus scene while being neither target nor control fixations. Frontal fixations include cases in which bars other than the target and the control items were looked at, along with cases in which the gaze was directed toward the stimulus but the animal fixated at no specific bar. In general, frontal fixations were the most frequent of all fixations.
iv) Back fixations, directed at locations where no bars were visible within the entire camera field of view. Such fixations were directed at the walls, ceiling, or door of the experiment room.
For simplicity of presentation, we also designate all nonback fixations (i.e., the sum of target, control, and frontal fixations) as scene fixations.
Out of all 985/1,236 fixations recorded, 347/264 (35%/21%) were back fixations. Such fixations occurred due to the owl's overall state of alertness (or lack thereof) and its natural visual scanning behavior. Naturally, these fixations did not show useful visual content that could be used to examine fixations on target or distracter items, and thus they were excluded from further analysis.
The remaining scene fixations were used for our main analyses, as described next. Out of all scene fixations, 7%/8% were outside of the region covered by the 25 bar items.
For stimulus presentation, we divided the scene into two compartments: the total region of 5 × 5 items and a central subarray of 3 × 3 items. Targets were placed only within the central 3 × 3 subarray of items, to avoid possible margin effects due to the fact that items outside the central subarray did not have neighbors on all sides. Interestingly, increased saliency for the bordering items was not observed. Moreover, both owls had a tendency to focus their overt attention to the central 3 × 3 subarray, where indeed 76%/62% of their scene fixations were directed. This bias toward the central subarray was confirmed in a number of control trials in which no target bar was present and all bars were oriented similarly, where 79%/60% of all scene fixations were directed to the central subarray. Thus, the expectations for randomly hitting one of the central items would be 0.76/9 = 0.08 and 0.62/9 = 0.07. With this in mind, the proportion of target and control fixations out of the total number of scene fixations was calculated and compared for each experimental trial separately. The mean proportion of target fixations was 0.21/0.16, whereas that of control fixations was 0.07/0.08 (Fig. 3A) . More quantitatively, the mean proportion of fixations directed to the target was more than twice as high as those directed to the control bar.
To demonstrate the difference in the number of fixations directed at the target and the control, we also counted the number of fixations for each category in each trial. For example, in the trial shown in Fig. 2B , the owl looked at the target three times, whereas the fixation spot appeared at the control item two times. . When several binarized frames are accumulated into a single normalized map, a 2D probability density function of target locations within the camera frame begins to form (n = 10). A marked fixation spot emerges after several thousand fixation images are processed (n = 10,000). (C) Fixation map of one of our owls (WH) after calibration. Absolute occurrences of targets within each pixel (in camera frame coordinates) are color-coded (compare Inset). In this example, 10,662 fixations were accumulated to yield a peak probability at pixel 322/339 of the image (horizontal/vertical coordinates). The 1D probability functions along both axes are given as well (bright lines).
A Wilcoxon matched-pair signed-rank test including all trials revealed a highly significant difference in the target and control fixations per trial (P < 0.001 for both owls). To demonstrate this perceptual advantage of the target over the control in another way, we also plotted the data as cumulative probability distributions (Fig. 3B) . These curves demonstrated a rightward shift of the target distribution compared with the control distribution, suggesting that on average, target fixations were more numerous per trial. For example, Fig. 3B shows that in the control item was not fixated in ∼36%/38% of the trials, whereas the target was not fixated in only 7%/13% of the trials. The same graphs also show that the control item was never fixated more than 6/5 times per trial, whereas the target was fixated much more frequently, as many as 16/10 times per trial. In summary, our analyses clearly show that the target exhibited increased saliency for both owls.
We aimed to confirm the significant difference of target selection for oriented objects in the time domain by computing the relative time spent on each of the frontal, target, and control fixations out of all scene fixations. The duration of each frontal, target, and control fixation was determined directly from the video recordings, accumulated by category, and divided by the total time spent on all three categories. The mean proportion of time spent on target items was 0.40/0.34 and that spent on control items was 0.20/0.22 (Fig. 3C) , whereas the mean proportion of frontal viewing without fixation of either the target or the control bar was 0.40/0.34. Notably, the difference between target fixation time and control fixation time was highly significant for the in- . The difference between target and control conditions was highly significant in both cases (P < 0.0001, Wilcoxon matched-pair signed-rank test). Error bars are SEM. (B) Normalized cumulative occurrences of fixations directed to the target (green line) and to the control (dashed line) plotted against the number of fixations. In both owls, the right shift of the target graphs generally indicates more fixations. (C) Mean proportion of time spent on fixating the target and control items out of all frontal fixations/ differences between target and control conditions (color-coded as in A), again highly significant for both owls (P < 0.002). (D) Normalized cumulative occurrences of frames directed to the target and to the control plotted against fixation time given in the frames for both owls. A right shift denotes longer fixations.
Fig. 2. (A) Classes of fixations.
The fixation classes were determined by the content of the frame in the fixation spot (marked by the yellow circle) and away from it. In target fixation, the owl was looking toward the stimulus array, and the target item (in this case, rotated by 45°compared with all other items) appeared within or immediately at the border of the fixation spot. In control fixation, the owl was looking toward the stimulus array, and the control item appeared within (or immediately at the border of) the fixation spot. The position of the control item was defined by mirroring the target position about the center of the 3 × 3 array. In frontal fixation, the owl was looking toward the stimulus array, but neither the target nor the control items appeared within the fixation spot. This was the most frequent type of fixation. In back fixation, none of the foregoing held. In the demonstration case, the owl simply looked at the door of the experiment room. (B) An exemplary stimulus scene as reconstructed from many fixation frames (Materials and Methods). The walls of the experiment room are visible in the far end and along the sides. The reconstructed scan path of the owl during this experimental trial is denoted by circles (loci of fixations) connected by straight lines (saccades). Note how the owl repeatedly shifted its gaze between stimulus objects and often returned to specific locations/ items. Regions in which target and control fixations were registered are highlighted. Back fixations are not shown. 25/137 .88 frames on control items, a highly significant difference (P < 0.01/< 0.001, Wilcoxon matched-pair signed-rank test). The difference in viewing time between target and control is also obvious in the cumulative probability plots, assembled in a way analogous to those shown in Fig. 3B . The curves reflecting the fixations at target are shifted to the right compared with the control curve (Fig. 3D) . In >95% of all trials, the owls looked at the control for <500/400 frames, compared with 1,000/800 frames for the target. Overall, the owls fixated on the target bars more often and longer than on the control bars.
Whether or not the target bar was more salient than other items also may be reflected in how fast it drew the owl's view. We counted the number of saccades from the onset of a stimulus (lights switched on) until the target or control item was first looked at. For example, in the trial shown in Fig. 2B , the owl first hit the target with its fifth saccade, whereas it hit the control with its third saccade. When all data were averaged, the mean number of saccades until the target was looked at was 3.92/3.17, and that until the control was looked at was 15.5/5.93 (Fig. 4A) . Although both differences were statistically significant (P = 0.0022/0.0129), the distribution of the number of saccades until first hit was positively skewed for both target and control items; that is, there were generally more observations below the arithmetical average. Specifically, in 67% of all cases, owl HB looked at the target item after one (i.e., the first fixation was at the target; n = 7), two (n = 6), or three (n = 4) saccades, suggesting that the median numbers of saccades might be more informative than the averages in this case. Indeed, the median number of saccades until the target item was first looked at was 1.5/2, compared with 8.5/4 for the control item. The difference between the target and control conditions was highly significant for owl HB and significant for owl WH (P < 0.01; n = 17/P = 0.014; n = 38, Wilcoxon matched-pair signedrank test). The faster gazing toward the target than toward the control also becomes obvious in the cumulative probability plots for both owls shown in Fig. 4B . The curves reflecting the number of saccades to the target are shifted to the left compared with the control curves. In other words, the target is reached with the first saccade in 25%/19% of the trials, compared with 0%/7% for the control. Likewise, after 10 saccades, the target was reached in 86%/84% of the trials, whereas the control was reached in only 36%/49%. These last values indicate that the control was not reached at all in a considerable number of trials. In summary, our data show that the target was reached after a lower number of saccades compared with the control bar.
During the training phase, both artificial objects and food items were scattered on the floor (Materials and Methods). Because food items should be the most salient visual objects presented in an experimental room, it is interesting to examine how they drew the owls' attention compared with our oriented targets and distracters. On repeating the foregoing analysis, the mean number of saccades to food was 2.5/3.17, compared with the median number of saccades of 3/3 (Fig. 4A) . No significant differences were found compared with the mean number of saccades to our differently oriented target (P = 0.73/0.59). Thus, the most salient visual items that we observed at all times-food items-were looked at after the same number of saccades as the target item that was defined by a different orientation.
Discussion
Our study of visual search in barn owls demonstrates that the free-viewing animals looked longer, more often, and earlier at differently oriented targets than at a control item, in a manner resembling visual search in humans. The expression of orientation saliency in visual search, demonstrated here in a bird species, raises intriguing questions and has important implications regarding the neural machinery that might be responsible for the observed behavior, the evolutionary relationship between birds and primates, and the role of orientation-based saliency in efficient visual information processing.
The predatory barn owl, with its specialization for hunting in low-light conditions (30) needs to catch approximately two food items (mainly mice) each day to survive and more than 20 a day to feed its offspring. The selective pressure on these birds is especially high if weather conditions are unfavorable due to rain or snow. Indeed, in central Europe, ∼60% of barn owl yearlings do not survive their first winter (31) . Under such high selective pressure, it would be to the animal's advantage to exploit every possible cue available to find its prey. Indeed, barn owls are known to be effective hunters (32) , and thus exploiting even minute visual cues is likely to be an intrinsic part of their visual behavior.
The evolution of different forms of saliency may be related to the high selective pressure experienced by this bird. The orientation saliency reported here could help the owl detect prey more easily and more quickly. Pigeons are able to group bars of similar orientation and discriminate the resulting figure from bars with a different orientation (4) . Pigeons also can detect odd objects in a scene and even discriminate letters and faces (5, 7). Thus, birds seem to have the neural machinery necessary for complex scene analysis.
In primates, orientation-based saliency is facilitated by certain neural circuitries, particularly those creating orientation selectivity (33, 34) . Long-range lateral connections found in the primary visual cortex (35, 36) have been shown to be important as well (37) . Orientation sensitivity in the barn owl's visual Wulst is very similar to that seen in the visual cortex (19, 20) . The function of the horizontal long-range connections in mammals may be accomplished in birds through the interconnectivity of many telencephalic nuclei (see ref. 38 for a review). Moreover, within the visual Wulst, organizational complexity increases as with increasing latency of neuronal responses, indicating a hierarchy ) were first looked at. Black bars indicate the mean number of saccades until food items were looked at in training. The differences between target and control conditions were highly significant for owl HB (**P < 0.0001, Wilcoxon matched-pair signed-rank test), and significant for owl WH (*P = 0.014, Wilcoxon matched-pair signed-rank test). Error bars are SEM. (B) Normalized cumulative occurrences of saccades until the target (green line) and the control (dashed line) were first looked at plotted against the number of saccades. Both owls looked at the target much faster, thereby causing a left shift in the cumulative plot. Note that in many trials, the owls never looked at the control item, and thus its curve does not converge to the 1.0 asymptote. of processing (39) . Furthermore, attentional mechanisms were found in the barn owl in cross-modal experiments that successfully used spatial attention to modulate sound localization (18) . Cross-modal competition in barn owls also was found to occur in intermediate and deep layers of the optic tectum, a structure known to be involved in gaze control and attention (21) .
The fact that two such distant species as humans and barn owls, whose brain structures are substantially different, exhibit similar visual search characteristics has profound implications. In this sense, our research is similar to a recent study on archer fish, which have been shown to exhibit orientation-based saliency similar to humans (16). Unlike Mokeichev et al. (16) , however, who explored orientation-based saliency using a rapid forced choice procedure, our experiment was based on free-viewing visual search, reminiscent of the conditions under which this behavior is tested in humans. In both cases, bottom-up mechanisms are likely to play the main role in the observed behavior (although the effects of top-down influence, and of some implicit unspecified task, cannot be excluded), and in both cases the behavioral similarities in the reported findings suggest that visual processes, such as orientation-based visual search, may not necessarily require the elaborate cortical structures typically seen in humans. Unveiling the neural mechanisms that facilitate these processes in animals like the barn owl may provide important insight into saliency processing in other organisms as well.
In humans, classical visual search experiments are also used to discriminate between preattentive, pop-out, parallel processes and serial attentive processes by measuring how target detection time varies with the number of distracters. Pop-out also has been demonstrated in pigeons (40) . Owing to the slower response time of the owls in our free-viewing paradigm, the difficulty in specifying a specific task, and the indirect way in which the subjects' responses must be measured, exploring true pop-out in barn owls is more challenging. However, comparing our visual search results for the differently oriented targets and the food items reveals that the both were looked at after approximately the same number of head saccades. This comparable performance to the "most desirable" target may indicate a perceptual popping-out of the differently oriented target against the distracter array, which draws the animal's attention equally effectively and may serve as a first indication of the existence of the pop-out effect in barn owls. To confirm this hypothesis and the equivalence of visual behavior between barn owls and humans in general will require an extensive and more challenging examination of visual search in barn owls. This will be done by confronting the animals with search stimuli presented on a monitor and by recording from brain structures putatively involved in visual search (21) . Such experiments may shed light on whether theories hypothesized for human visual search (10, 11, 13) can model this visual process in the barn owl as well, or whether nature has found a different solution. Regardless of how this question is resolved, however, the fact that species as distant as humans and barn owls exhibit striking similarities in a fundamental visual behavior like orientation-based visual search suggests that orientation saliency has computational optimality in a wide variety of contexts and provides a universal building block for efficient visual information processing.
Materials and Methods
Animals. The experimental animals were two adult American barn owls (T. alba pratincola; subjects WH and HB) that were taken from the breeding stock of the Department of Zoology at Rheinisch-Westfaelische Technische Hochschule Aachen. The birds were hand-raised and tame. The wingspan of barn owls is ∼1.1 m (41). During the phase of experimentation, the owls' body weight was maintained at ∼90% of their free feeding weight (∼415 g and 470 g). Water was given ad libitum, and food (dead chicken) was given only in the experimental room or as a reward directly after an experiment. Training and experiments were performed on five or six days per week. For each owl, a small aluminum headpost, to which the OwlCam was later attached (see below), had been fixed to the skull on the forehead under anesthesia at an earlier time. Care and treatment of the owls was carried out in accordance with the guidelines for animal experimentation as approved by local authorities (Landespräsidium für Natur, Umwelt und Verbraucherschutz Nordrhein Westfalen, Recklinghausen, Germany) and in compliance with the National Institutes of Health's guideline for the use and care of laboratory animals.
Experimental Setup and Procedure. Experiments and training were performed in a large room (4.2 m long × 3.2 m wide × 3.2 m high), in which the owls were allowed to move and fly freely. Moderate illumination was provided by ceiling-mounted tungsten lights that were switchable from outside. To achieve sound attenuation, the walls, ceiling, and floor were covered with planar and pyramidal foam. A wooden perch placed 1.75 m above the floor close to one short wall of the room served as a resting post just before and in between experiments. A retractable curtain made from thick black cardboard was placed in front of the perching position, such that the animals' view to the floor could be blocked until the experiment was started. The owls were trained to fly toward food items presented on the floor and to return to the perch after a successful strike, with the captured prey as a reward. During training, flights normally occurred after the experimenter left the room. Training trials also were interleaved irregularly between experimental trials at a ratio of about 1:5, to ensure high motivation and active viewing behavior of the owls in experiments, where no specific task was given.
Between experimental trials, the following procedure was performed. The curtain was moved into place to block the owl's view of the floor. The experimenter then entered the room and placed 24 distracter items on the floor to cover the virtual intersections of a sparsely arranged and randomly jittered 5 × 5 orthogonal grid (Fig. 2) . The visual items were identical rectangular bar-like shapes (150 × 50 mm) cut from thick yellow cardboard. One additional item, defined as the target item, was differently oriented and slanted by 45°relative to the dominant orientation of the distracters. The target item was placed quasi-randomly and counterbalanced in one out of nine possible positions at the area of a concentrically arranged 3 × 3 grid. In this way, the target item never appeared at the immediate edge of the whole stimulus array, and possible margin confounds were avoided. The experimenter left the room, lights were switched off, and the curtain was retracted to allow a free view onto the stimulus array. The beginning of a trial was defined as the time when the lights were switched back on and the owl started to visually inspect the room. The owl was allowed to look around freely for a maximum of 3 min, after which the trial ended. Usually, the owls would fly toward one of the visual items after a shorter period of inspection and, upon entrance of the experimenter, retreat to the perching position. Approximately 5-15 consecutive trials were performed with one owl per day.
OwlCam and Video Analysis. During all experimental and training sessions, the owls carried a head-mounted lightweight wireless camera device, the OwlCam (SI Materials and Methods). The OwlCam consisted of a miniature complementary metal-oxide semiconductor active-pixel sensor and optics unit, a 900-MHz video broadcasting unit, a rechargeable lithium-polymer battery, and a custom-built attachment unit (Fig. S1 ). While maintaining high rigidity at a total weight of 5.5 g, the OwlCam delivered a black-andwhite video signal at 30 frames per second with an effective vertical resolution of ∼380 scan lines. The video signal was digitalized online and stored in a 640 × 480 pixel video format for further processing.
Using a custom-written algorithm, the raw video material was later divided into frame segments of image motion and nonmotion (6) . Segments of consecutive frames in which no image motion occurred were defined as fixation intervals, and the middle frame of each interval was extracted and used as the fixation frame representing the whole interval. All subsequent processing steps were based on these fixation frames.
Each OwlCam was calibrated with respect to the relative geometric arrangement of camera field of view and the owl's gaze, to localize the owl's "functional fixation point" in camera frame coordinates (Results). In several calibration trials, a fixation map was constructed for each owl and OwlCam pair separately. Note that fixation maps are valid only for a specific owlOwlCam pair, because of idiosyncratic differences of the owls' head post position, camera layout, and prealignment procedure. Based on this map, a single fixation spot relative to the camera frame coordinates was revealed, as described in detail elsewhere (6) . In brief, during calibration, interesting bright targets scattered on a dark floor were presented (Fig. 1B) . The owl typically scanned the environment by fixating one target and then making a saccade to another target, and so on. As more individual fixation frames were overlaid and averaged, a distinct circular-shaped fixation spot emerged for each owl (Fig. 1C) . The resultant fixation map reflects the probability to encounter a bright target in camera frame coordinates. The fixation spot itself indicates the image coordinates at which the owl would observe a bright target most often. Such a bright spot did indeed occur in the fixation map of each owl, at camera coordinates (335,322) for owl HB and (322,339) for owl WH. The diameter of the fixation spot was calculated as the mean width of the probability function at half height and was 26.71 pixels for owl HB and 22.41 pixels for WH (corresponding to 2.5°and 2.1°of visual angle, respectively). In quantitative terms, calibration targets appeared within the fixation spot in 94% (n = 9,804) of all fixations for owl HB and in 96% (n = 10,662) of all fixations for owl WH. Once determined, the fixation spot of each owl-OwlCam pair was used in the analysis of all video data. Note that the size of the fixation spot does not necessarily represent the actual size of the animal's retinal area of preferred fixation, because it is linked to the size of the calibration targets used. However, the calibration targets were set to have similar size as the bar objects used in our main experiments. After calibration, the fixation spot could be marked in each recorded fixation frame of the main experimental trials to serve as an estimate of where the owl was looking relative to the camera coordinates. This conclusion is possible with the barn owl, which virtually lacks eye movements (42, 43) . Thus, the view of a properly aligned and fixed head camera is in register with the animal's gaze at all times.
Given the fixed relationship between the OwlCam and the owl's gaze, the individual fixation frames collected during our experimental trials were ego-centered and perspective-limited representations of the owl's view at a given time. To study the owls' viewing behavior as a consequence of the global visual stimulus, the complete visual scene had to be taken into account. However, to a good approximation, the fixation frames could be considered limited-view images of the same exterior setting observed from a specific vantage point at different viewing angles, resulting from the owl's head movements while keeping its body relatively fixed. Thus, a full-scene reconstruction was achieved by spatial transformation and alignment of the individual fixation frames to build a panoramic view of the entire scene as would be observed by a wide-angle observer at the vantage point (44) . By mapping the coordinates of the spatially transformed loci of fixations in each single fixation frame to the corresponding coordinates in the full-scene panoramic image, global scan paths were created and analyzed. The owls' viewing behavior was then studied with respect to three main criteria: (i) relative and absolute gaze time spent at a specific location, (ii) relative and absolute number of fixations directed onto such locations, and (iii) number of head saccades performed until the locations were first looked at.
